Background/Aims: Bufalin can induce apoptosis in certain human cancer cell lines, but bufalin has not yet been thoroughly evaluated in colorectal cancer cells. Cleavage and polyadenylation specific factor 4 (CPSF4) and human telomerase reverse transcriptase (hTERT) play important roles in colorectal cancer growth. The aim of this study was to investigate the roles and interactions of bufalin, CPSF4 and hTERT and the effects of bufalin in human colorectal cancer. Methods: We treated LoVo and SW620 cells with bufalin to investigate the effect of bufalin on proliferation, apoptosis and migration. We verified the relationship between CPSF4 and hTERT using pulldown assays, luciferase reporter assays and chromatin immunoprecipitation (ChIP) assays. Results: Bufalin inhibited the proliferation and migration of and induced apoptosis in LoVo and SW620 cells. We identified CPSF4 as an hTERT promoter-binding protein in colorectal cancer cells. Conclusion: Our study identified bufalin as a potential small molecule inhibitor for cancer therapy.
Bufalin Inhibits hTERT Expression and Colorectal Cancer Cell Growth by Targeting CPSF4

Introduction
Colorectal cancer (CRC) is one of the most common malignancies and the third most common cause of cancer-related mortality in the world [1] . Additionally, CRC is becoming the fastest growing cancer in our society [2] .
"Huachansu," an injectable form of Chan Su in a physiological saline solution, has been officially approved as a regimen for cancer therapy in China [3] . The anticancer activity of "huachansu" could be attributed to its three major components, bufalin, resibufogenin, and cinobufagin. Bufalin is the major component of the Chinese medicine "Chan Su." It is an extract of dried toad venom from the skin glands of Bufo gargarizans or Bufo melanostictus. Bufalin can inhibit the proliferation of transplanted human hepatocellular carcinoma in nude mice [4] and induce apoptosis in certain human cancer cell lines, including prostate cancer [5] , leukemia [6] , osteosarcoma [7, 8] , gastric cancer [9] and colorectal cancer [10] , and induces autophagy in human colon cancer cells through reactive oxygen species generation and JNK activation [11] . Additionally, bufalin can inhibit angiogenesis and regulate miR-497 expression, and bufalin and miR-497 act in synergy to inhibit colorectal cancer metastasis [12] . However, the effect of bufalin on colorectal cancer cells has not thoroughly been evaluated.
Telomerase, which is a nuclear ribonucleoprotein enzyme complex, carries its own templates and maintains its telomere length by synthesizing telomeric DNA repeats. The activity of telomerase may be linked to the processes of governing cellular immortalization and senescence [13, 14] . Telomerase activity is very high in human cancer cells, but it is absent in most normal human cells [15] . Research has demonstrated that colorectal adenocarcinoma exhibits high levels of telomerase activity [16, 17] , and human telomerase reverse transcriptase (hTERT) has been identified as a potential biomarker for CRC [18] . Massive cell death results when telomerase is inhibited in actively dividing tumor cells [19] ; however, the regulatory processes governing the activation and expression levels of telomerase remain areas of active research.
Cleavage and polyadenylation specific factor 4 (CPSF4), a member of the CPSF complex, was originally discovered as an essential component of the 3' end processing machinery of cellular pre-mRNAs. [20] . CPSF4 may be a potential prognostic biomarker and therapeutic target for lung adenocarcinoma [21] . The role of CPSF4 as a transcriptional coactivator has also been reported [22] . CPSF4 can bind to cyclooxygenase (COX-2) promoter sequences directly and activate the transcription of COX-2 [23] . Although the function of CPSF4 has been examined in different model systems, its potential role in tumors has not been fully investigated due to a lack of data regarding CPSF4 expression and tumor cell growth in colorectal cancer cells. Because CPSF4 protein promotes the expression of hTERT and telomerase activity in lung cancer cell lines, we investigated whether CPSF4 protein promotes the expression of hTERT in colorectal cancer cell lines [24] .
Based on the above reports, we used SW620 and LoVo cells as the experimental model to verify our hypothesis. Our results showed that bufalin could decrease the expression of hTERT by inhibiting CPSF4 and modulate the expression of apoptosis, proliferation and EMT related proteins, inducing apoptosis, and inhibit proliferation and EMT, suggesting its potential application in colorectal cancer therapy.
Methods and Materials
Materials and Cell culture Bufalin was obtained from Sigma (St. Louis, MO) and dissolved in DMSO. SW620 and LoVo cells were obtained from the American Type Culture Collection. SW620 cells were cultured in Dulbecco's modified Eagle medium (HyClone, Logan, UT, USA). LoVo cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (HyClone, Logan, UT, USA). All of the cells were supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and were maintained in a humidified atmosphere with 5% CO 2 at 37°C.
Cell Proliferation Assay
Cell proliferation was detected by a Cell Counting Kit-8 assay. The cells were suspended in medium supplemented with 10% heat-inactivated fatal bovine serum and subsequently seeded in 96-well plates and incubated for 24 h. Then, the plates were divided into several groups treated with different concentrations. Then, the plates were incubated for 1, 2, 3 and 4 days. After incubation, 10 μl of CCK-8 solution was added to each well and incubated at 37°C for an additional 2 h. Optical density (OD) value of absorbance at 450 nm was measured with a Thermo Scientific Fluoroskan Ascent FL. The results were plotted as the means ± SEM of three independent experiments with three determinations per sample for each experiment.
Western blotting
Cells were washed in PBS before incubation with lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM Na3VO4, 0.2 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40) on ice for 10 min. The cell lysates were centrifuged at 9,000 g for 15 min, and the supernatants were collected. The protein concentration was determined with the Coomassie Protein Assay reagent using bovine serum albumin (BSA) as a standard. Equal amounts of protein extracts (30 μg) were separated by 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose filter (NC) membranes. The membranes were blocked in 5% non-fat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 2 hours at room temperature and probed with primary antibodies overnight at 4°C. The membranes were washed with TBST three times. Then, the membranes were incubated with horseradish peroxidase-conjugated antibody for 1 hour at room temperature. After washing with TBST four times, the membranes were visualized using ECL and Bio-Rad Laboratories. The Western blots shown are representative of at least three independent experiments. Densitometry of each band for the target protein was quantified by densitometry analysis with Scion Image 4.03. The protein band intensity was quantified by the mean ± SEM of three experiments for each group as determined from the densitometry relative to GAPDH/ β-actin.
Clone formation assay
To analyze the effect of bufalin on the clonogenicity of tumor cells in vitro, SW620 and LoVo cell lines (1,000 cells/well) were seeded in six-well plates and treated with different concentrations of bufalin. After 14 days, the cells were washed with PBS and fixed with fixation solution (methanol: glacial acetic: H 2 O 1:1:8) for 10 min, and stained with 0.1% crystal violet for 30 min. The clones with more than 50 cells were counted under an optical microscope.
Flow Cytometry Analysis SW620 and LoVo cells were treated with different concentrations of bufalin, and the cells were collected for propidium iodide (PI) staining. Briefly, the cells were fixed in 70% ethyl alcohol at 4 °C overnight, washed with PBS and incubated with RNase (10 mg/mL) at 37°C for 30 min. Next, the cells were incubated with PI (5 mg/mL) for 30 min in the dark. The samples were analyzed using a BD ACCURI C6 within 30 min after the staining.
Apoptosis assay
Apoptosis was assessed by annexin V-binding analysis using flow cytometry. For flow cytometric analysis, cells (4x10 6 ) were seeded in 6-cm dishes overnight before being treated with various concentrations of bufalin for 48 h. Both adherent and floating cells were harvested and combined, washed twice with PBS, resuspended in 500 µl of binding buffer, and stained using an Annexin V-FITC/PI kit according to the manufacturer's instructions. After incubation in the dark for 30 min, the cells were analyzed using BD ACCURI C6.
Acridine orange/ethidium bromide (AO/EB) staining
LoVo cells were plated in 6-well plates and treated with bufalin (0, 5, 10 and 20 nM). After a 48 h treatment, 10 μl of the AO/EB dye mix (100 μg/ml of AO and 100 μg/ml of EB in PBS) was added to each well. The apoptotic, necrotic and live cells were observed and counted under a fluorescence microscope (IX81, Olympus).
Scratch wound assay
Cells were seeded into six-well plates and then cultured to 90% confluence. The confluent cell monolayer was wounded using a sterile 200 μl pipette tip. The suspended cells were washed using normal growth medium. The scratch wound was photographed after 72 h using a DMI4000B, Leica microscope in three fields of view at 100 × magnification. The area of the open wound was quantified using Photoshop (Adobe).
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Streptavidin-agarose pulldown assay
Transactivators binding to an hTERT core promoter probe were determined by a streptavidin-agarose pulldown assay. Briefly, a biotin-labeled double-stranded DNA probe corresponding to nucleotides -378 to -159 bp of the hTERT promoter sequence was synthesized by Sigma (Sigma-Aldrich, St. Louis, MO) (sense, 5'-ACC CTG GGA GCG CGA GCG GC-3'; antisense, 5'-GGG GCG GGG TCC GCG CGG AG-3'). Then, 500 μg of nuclear protein extract, 4 μg of DNA probe and 40 μl of streptavidin-agarose beads (Sigma-Aldrich) were mixed and incubated at room temperature for 2 h on a rotating shaker and then pelleted by centrifugation to pull down the DNA-protein complex. After washing with cold phosphate-buffered saline (PBS), proteins in the complex were analyzed.
Chromatin immunoprecipitation (ChIP)
Cells were fixed with 1% formaldehyde and sonicated to shear the DNA to 200 bp to 500 bp on ice. One third of the total cell lysate was used as the DNA input control. The remaining two thirds of the total lysate were subjected to immunoprecipitation with anti-CPSF4 antibody or non-immune rabbit IgG. The DNA was subjected to PCR to amplify a 220 bp region (-378 to -159 bp) of the hTERT promoter using primers (sense, 5'-ACC CTG GGA GCG CGA GCG GC-3'; antisense, 5'-GGG GCG GGG TCC GCG CGG AG-3'). The PCR products were resolved electrophoretically on a 1% agarose gel and visualized by ethidium bromide staining.
Promoter reporters and luciferase assay Cells (2*10 5 cells/well) were seeded into six-well plates, cultured overnight, and transfected with hTERT promoter luciferase plasmids or a GFP reporter vector (driven by a CMV or an hTERT promoter) (2 μg per well of plasmid) with Lipofectamine 3000 (Invitrogen, Carlsbad, CA). Meanwhile, cells were treated with different concentrations of bufalin. The luciferase activity was assayed using the Luciferase reporter assay system Enspire2300, Perkin Elmer.
Statistical analyses
Data were expressed as the mean ± SEM of three independent experiments with GraphPad Prism software. The Student's t-test was used to make a statistical comparison between groups. *P<0.05 was considered statistically significant.
Results
Bufalin inhibited the proliferation of SW620 cells
Bufalin can effectively inhibit cell proliferation in various common human cancer cell lines. Previous studies have shown that bufalin inhibits the proliferation of leukemia [6] , prostate cancer [5] , gastric cancer [25] , and osteosarcoma [26] . Therefore, we investigated whether bufalin could also inhibit cell proliferation in SW620 cells. The structure of bufalin is shown in Fig. 1 . The results showed that bufalin decreased cell viability in a dose-(0, 5, 10, 20, 30, 40, 50 nM) and time-(0, 24, 48, 72, 96 h) dependent manner in SW620 ( Fig. 2A) 96 h). Then, SW620 cells were treated with bufalin at different concentrations (0, 10, 20, 50 nM) for 48 h. We observed that bufalin could inhibit SW620 cell proliferation by colony forming assay (Fig. 2B ) and Western blotting (Fig. 2C) . Flow cytometry was used to detect the effect of bufalin on cell cycle distribution in SW620 cells. As shown in Fig.  2D , bufalin treatment at 50 nM arrested most cells at G2/M phase and significantly reduced cells at G0/G1 phases.
Bufalin inhibited the proliferation of LoVo cells
We also investigated whether bufalin could inhibit proliferation in LoVo cells. The results showed that bufalin decreased cell viability in a dose-(0, 5, 10, 20, 30, 40, 50 nM) and time-(0, 24, 48, 72, 96 h) dependent manner in LoVo (Fig. 3A) cells by CCK-8. The IC 50 values were 56.778±7.34 (24 h), 11.48±2.89 (48 h), 6.64±2.79 (72 h), and 6.00±0.54 (96 h). Then, LoVo cells were treated with bufalin at different concentrations (0, 5, 10, 20 nM) for 48 h. We observed that bufalin could inhibit LoVo cell proliferation by colony forming assay (Fig. 3B ) and Western blotting (Fig. 3C) . Flow cytometry was used to detect the effect of bufalin on cell cycle distribution in LoVo cells. As shown in Fig. 3D , bufalin treatment at 20 nM arrested most cells at G2/M phase and significantly reduced cells at G0/G1 phases.
Bufalin induces colorectal cell apoptosis
With the increasing concentration of bufalin used to treat SW620 and LoVo cells, the morphology of SW620 (Fig. 4A) and LoVo (Fig. 4B ) cells changed. Representative results of the annexin V-FITC/PI double-labeled flow cytometry analysis of apoptosis are shown in Fig.  4C and Fig. 4D . Bufalin could induce apoptosis in SW620 and LoVo cells after a 48 h treatment in a concentration-dependent manner. AO/EB double fluorescent staining was performed to observe the apoptotic morphology of the cancer cells. As shown in Fig. 4E , after treatment with bufalin, the morphology of LoVo cells included nuclear condensation, membrane blebbing, nuclear fragmentation and apoptotic bodies, all of which are characteristics of apoptotic programmed cell death. To further examine the effect of inducing apoptosis by bufalin, the expression of apoptosis-related proteins (PARP, Bax, Bcl-2, cleaved caspase 7 and cleaved promoter was amplified in LoVo and SW620 cells, indicating that CPSF4 was bound to the hTERT promoter. To further confirm the binding of CPSF4 to the hTERT promoter region in CRC cells, we performed immunoblot analyses of the proteins eluted from the biotinstreptavidin pulldown complexes using an anti-CPSF4 antibody. As shown in Fig. 6E and 6F, CPSF4 was clearly detected in the complexes prepared from the human CRC cell lines LoVo and SW620. Then, cells were transfected with a luciferase reporter and treated with bufalin. Luciferase activity was measured in LoVo (Fig. 6G) and SW620 (Fig. 6H) cells. The results showed that the Luciferase activity of hTERT was inhibited by bufalin in a dose-dependent manner in LoVo and SW620 cells. To further study the role of relationship among in bufalin, CPSF4 and hTERT expression, the overexpression plasmid of CPSF4 was transfected to cells. As shown in Fig. 6I , the expression of CPSF4 were significantly increased after plasmid transfected compared with control cells. After transient transfection for 24 h, LoVo cells transfected with CPSF4 overexpression plasmid were monitored under a fluorescent microscope (Fig. 6J) .Then we detected the expression and Luciferase activity of hTERT after plasmid and bufalin treated with LoVo cells at the same time. As shown in Fig.6K and 6L, cells transfected with CPSF plasmid had higher Luciferase activity and levels of hTERT expression compared with cells transfected with the control plasmids. While the cells cotransfected with CPSF plasmid and bufalin treatment showed lower Luciferase activity and hTERT expression level compared with the cells transfected with CPSF plasmid.
Discussion
CRC is one of the most common causes of cancer death [27] . Bufalin has been reported to play a critical role in cancer cell apoptosis and differentiation in ovarian and prostate cancer [28, 29] , with little toxic effect on normal cells at low doses. Bufalin also induces the generation of ROS in lung cancer [30] . However, the role of bufalin in colorectal cancer cell lines has not been thoroughly investigated. In our study, a dose-and time-dependent growth inhibition was observed in the CCK-8 assay and clone formation assay when cells were treated with bufalin. By flow cytometry analysis, we observed that bufalin could arrest most cells at G2/M phase in LoVo and SW620 cells. We determined that bufalin could also promote apoptosis and inhibit the migration of LoVo and SW620 cells. These results may be significant in understanding the role of bufalin in treating colorectal cancer.
Increasing numbers of studies have demonstrated a strong correlation between elevated hTERT expression and activation and CRC, and hTERT is thought to be a potential therapeutic target for cancer therapy. Therefore, the molecular mechanisms of hTERT in CRC must be identified. Additionally, it is known that over-activation of hTERT leads to telomere lengthening and cell immortalization, playing a crucial role in tumorigenesis and development. Conversely, degradation of hTERT by proteasomes or repression of its activity prompts telomere shortening, cancer cell senescence, and apoptosis. The expression of hTERT can be regulated by promoter methylation or chromatin remodeling [31, 32] , as well as by activators and repressors, such as USF1/2, Sp1, TGF-β, p53 and c-Myc [33] [34] [35] .
CPSF4 can inhibit the nuclear export of cellular mRNAs [36] . However, its other biological functions have rarely been reported. CPSF4 was overexpressed in lung adenocarcinomas and participated in lung cancer cell growth [21] . In addition, CPSF4 could be a transcriptional factor that activates hTERT in lung cancer cells [24] .
Based on the above reports, we considered the hypothesis that bufalin could inhibit the expression of CPSF4 and CPSF4 may be associated with the activation of hTERT transcription. Pulldown, ChIP and luciferase assays were performed after LoVo and SW620 cells were 6 . Bufalin reduces hTERT expression and inhibits CPSF4 binging to the hTERT promoter. The expression of hTERT and CPSF4 were detected by Western blotting in LoVo (A) and SW620 (B) cells after treatment with different concentrations of bufalin for 48 h. Binding of CPSF4 to a biotinylated hTERT promoter probe (-378 to -159 bp). Chromatin immunoprecipitation assays were performed using the hTERT promoter in LoVo (C) and SW620 (D) cells. CPSF4 proteins in the nuclear protein-hTERT probe-streptavidin bead complexes were detected by Western blot using an anti-CPSF4 antibody in LoVo (E) and SW620 (F) cells. Cells were transfected with a luciferase reporter and treated with bufalin. 
